Introduction
Drought stress is often a serious problem in soybean production and it is one of the major factors limiting yield, especially in areas with limited water resources. In these areas rain-fed soybean production system is common. Some early maturing soybeans may adapt well into these regions that drought stress often occurs. However, delaying harvest of the early maturing soybeans often cause serious yield reduction due to severe seed shattering [1, 2] .
Soybean shattering was not a critical issue with conventional soybean production in Mississippi and the Midsouth in the 1970s and 1980s, when majority of the soybean grown were maturity groups (MG) VI or later, and planted in late May and June. Since the early soybean production system (ESPS) was introduced and adopted in Mississippi and the Midsouth in the early 1990s [3] , MG IV soybean has become the dominant group in the ESPS. An MG IV soybean variety grown under the ESPS is usually planted in April and mature from mid-August to early September in Mississippi [4] , depending on the sub-MG, planting dates, precipitation, and temperature. As a consequence, the seed maturing process and the period thereafter often occur under heat-stress. On the other hand, many growers may not be able to harvest matured soybeans on time due to various reasons such as unfavorable weather conditions or labor and machinery shortage. Many growers in the Midsouth who grow soybean under irrigation also grow rice that matures at the same time as the MG IV soybeans. Therefore, the conflict between harvesting times often delays soybean harvest due to the higher crop value of rice.
Seed shattering is considered as one of the major problems for soybean growers under the ESPS conditions [5] . Previous studies indicated that there were significant differences in shattering resistance among different va-rieties [6, 7] and the characteristic of seed shattering is genetically controlled [6, 8, 9] . Other studies have also shown that each soybean variety has its specific genetic background that controls its shattering resistance [10] [11] [12] ; however, within the same maturity group, soybeans respond similarly to environmental factors and cropping practices such as temperature, precipitation, planting dates, harvesting times, etc. [13] . New soybean varieties with better shattering resistance can improve yield up to 50%, compared with the old varieties [14] .
In recent years, soybean varieties have been developed at a very fast pace and the average life span of a commercial variety is only about five years. Therefore, it is obvious that studying shattering characteristics of an individual variety may not be particularly meaningful to soybean growers. Under this circumstance, studying the patterns and dynamic of seed shattering under specific circumstances, such as under ESPS, may be more relevant to help growers to overcome the problem.
Since information on shattering is very limited, an understanding of soybean shattering pattern and dynamics is essential to minimize yield loses in the ESPS in Mississippi. The current research responded to the following important questions: 1) which factor (or factors) plays a major role in seed shattering? 2) How does the interaction between various factors (such as planting date, maturity date, precipitation or soil moisture, and temperature) play a role in the seed shattering process? These questions were addressed by: 1) investigating shattering patterns and their associated characteristics under different production systems and environmental conditions, and 2) identifying which factor was the main contributor to seed shattering of MG IV soybeans under ESPS.
Materials and Methods
Experiments were conducted in 2007, 2008 and 2009 at Stoneville, MS (lat. 33.4˚N, long. 90.9˚W). The tested varieties were selected from the variety list of Mississippi soybean official variety trials (OVT) of the corresponding years [15] [16] [17] . All the varieties were provided by public institutes and various private seed companies. The soybean varieties listed in the OVT during a particular year would most likely serve as the major variety selection source for state soybean growers the following planting season. Since MG IV soybeans are mainly used in the ESPS, soybeans varieties from MG IV (MG 4.0 -4.9) were examined in this study.
In 2007 and 2008, field plots followed the conventional field practice procedures used in Mississippi soybean OVT [16, 17] , which plotted approximately 5 m length by 0.5 m row-space with 0.05 m interplant distance, except only 2-row plots were used (instead of 4-row plot in the OVT). In these experiments, four replicates were arranged (instead of three replicates in the OVT) with a randomized complete block design (RCBD).
In 2007, experiments were conducted on irrigated and non-irrigated fields adjacent to the Mississippi OVT sites. Seeds were planted on April 17 (April-planting) on both fields. A second planting was done on May 9 (Mayplanting) on the irrigated field. Eighty (80) MG IV varieties were planted in these experiments. In 2008, a repeated experiment was conducted only on irrigated field and only for April-planting (April 23) with the same 80 varieties used in 2007.
In 2009, 132 MG IV soybean varieties were evaluated directly utilizing the Mississippi OVT plots established at Stoneville, MS [15] . Soybeans were planted on both irrigated and non-irrigated fields on April 24 (April-planting). The configuration of original plots was 4-row with 5 m length, 0.5 m row-spacing and 0.05 m interplant distance. The experiment was arranged in a RCBD with three replications. After seed maturity, the middle two rows were harvested for seed yield and the outside two rows were used for shattering evaluation.
Data Collection, Adjustment and Analysis
In all three years, soybean shattering status for each variety was visually estimated at weekly intervals starting from two weeks after maturity (WAM) until six to seven WAM. The evaluation criteria have been described by Zhang and Boahen [18] and summarized in Table 1 . No yield data were collected directly from the experimental plots for 2007 and 2008; however, yield data from the OVT plots at Stoneville location (with the same varieties planted at similar time and adjacent to these experiments) were used to examine the relationship between seed shattering and yield potential of each variety.
Data were analyzed using Proc Mixed Model of SAS program and the differences between means was separated with LSD at a = 0.05 level. The homogeneous analysis has performed for the individual years and the results were varied greatly, most likely due to environmental conditions of each year. Therefore, data was analyzed and reported separately.
Results and Discussion
In 2007, shattering patterns of soybean varieties planted in April on non-irrigated and irrigated fields showed some differences. On the non-irrigated field, plants sown in April matured between August 13 th and August 21 st with a mean maturity date of August 16 th . Thirty seven and half percent (37.5%) of the varieties held seeds very well (shattering rate of 5% or less) and 51.2% of varieties held seeds relatively well (shattering rate of 6% -14%) at 3.5 WAM ( Table 2) . However, at 4.5 WAM, only 11.3% f varieties still held seeds with less than 15% shattering o (Figure 1) . The above results indicated that the 4 th WAM was a critical shattering point for MG IV soybeans planted between mid-to late April in Stoneville Mississippi, when seeds matured in mid-to late-August. However, if the seeds matured in early-or mid-September such as in the May-planting, seeds could be held in the pod well and shattering would not be a serious problem if the harvest was done within a month. ties planted in April and May held seeds well for the first three weeks after maturity. However, the major difference appeared four weeks after maturity ( Maturity dates of soybean varieties within the same MG can be varied from 10 to 15 days depending on the time of planting and location [18, 19] . Therefore, using the 2009 data, varieties were further grouped into early and late MG IV. For most early or late MG IV varieties, very limited shattering was observed even at the end of the 4 th WAM (Figure 2) . The critical shattering point of 15% was not reached until at 6 -7 WAM or later. Among the 132 MG IV varieties used, only 5.3% of the varieties had 15% or more shattering at 3.5 WAM, but shattering increased to 18.2% at 4.5 WAM ( Table 2) . However, there were still more than half (52.3%) of the varieties holding seed very well (5% or less shattering) at the end of 4.5 WAM. Overall, the data from 2009 revealed a similar shattering pattern for both early and late MG IV soybeans (Figure 2) , which showed little shattering within three to four WAM, but shattering increased after four WAM. Compared with the results of soybean planted in April 2007 on irrigated field (Figure 1) , the rate of increase in shattering and the time to reach 15% shattering score were much slower in 2009. The MG V varieties were also investigated and had a similar pattern comparison with MG IVs. However, since MG V soybeans were not the major focus of this study, results are not presented here.
Comparing the seed shattering patterns between irrigated and non-irrigated April-plantings during the first three WAM in 2007, soybean plants showed similar trends of very limited shattering. However, after three WAM, non-irrigated soybeans shattered at a much faster pace than that of irrigated soybeans (Figure 1) . May planted soybeans held seeds better after maturity than both irrigated and non-irrigated April-plantings. However, due to excessive rainfall during the late season in 2009, no significant growth difference occurred between the irrigated and non-irrigated fields. Therefore, data on non-irrigated fields were discarded. Philbrook and Oplinger [1] considered 10% seed shattering as a critical point that affect yield significantly in the Midwest; therefore, they suggested a critical harvest time within two weeks after maturity. Based on this study, soybean seed matured under ESPS in the Midsouth should still be able to hold seeds for at least three WAM before reaching that 10% critical point (Figure 1) .
For shattering at the end of 6 WAM. This indicated that when seed matured in September, shattering was delayed and seed could be held in the pods longer. Thus, the timing of seed maturity may be more important with regards to shattering patterns than the planting date or type of soybean MGs. The shattering pattern of irrigated April-planting soybean in 2009 was very similar to that of May-planting on the irrigated field in 2007, which both showed a slow increase of shattering rate. Though these two groups of plants were not planted at the same time period, they happened to have a very similar maturity time, in early September (Figures 1 and 2) . This may indicate that the timing of seed maturity may be more important than the planting date or type of soybean MGs with regards to shattering patterns. Hence, it may be necessary to recommend to growers to purposely plant their soybeans aimed at maturity date around early September if shattering is a concern.
In both 2007 and 2009, no significant correlation was found between seed shattering of an individual variety and its yield (data not shown). This was somewhat expected due to the fact that majority OVT tests were harvested before significant seed shattering occurred. Meanwhile harvest delay could occur at any time under wet conditions, and may cause significant yield reductions.
Many other factors can affect harvest losses. These include row width [20] , crop condition [21] , weed infestations [13, 22] , and machinery [23] . However, little information is available on the effect of weather pattern affecting on soybean shattering, especially the rainfall effect on delaying crop growth and development and subsequent influence on soybean shattering patterns. Results from this study can help us to thoroughly understand the phenomenon of seed shattering under ESPS and provide proper recommendations to soybean growers in Mississippi and the Midsouth. Information from this study can also help to understand soybean shattering related issues in other regions since it is also a common problem occurring in soybean production.
In summary, soybean shattering was not a serious problem within the first three WAM when MG IV soybeans were grown under ESPS in Mississippi. However, shattering accelerated in the 4 th week when the plants matured in August, a period with relatively high temperatures and dry conditions. Planting time may not be a critical issue but the time of seed maturity is a key factor that can influence pod shattering. Delayed planting and using relatively late MG (such as late IV) are management options that could be practiced to shift the time of maturity from August to September in order to minimize pod shattering. In certain years, as in 2009, the weather conditions can also alter the seed maturity time.
Further studies are required to answer the following questions: 1) To what extent can pod shattering resistance be improved through enhancing the plant genetic background? and 2) If early soybeans planted in early April or March mature before mid-and late-August, will they be able to hold seeds for three WAM?
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